The ability of proteins to associate with genomic DNA in the context of chromatin is critical for many nuclear processes including transcription, replication, recombination, and DNA repair. Chromatin immunoprecipication (ChIP) is a practical and useful technique for characterizing protein / DNA association in vivo. The procedure generally includes six steps: (1) crosslinking the protein to the DNA; (2) isolating the chromatin; (3) chromatin fragmentation; (4) imunoprecipitation with antibodies against the protein of interest; (5) DNA recovery; and (6) PCR identification of factor associated DNA sequences. In this protocol, we describe guidelines, experimental setup, and conditions for ChIP in intact Arabidopsis tissues. This protocol has been used to study association of histone modifications, of chromatin remodeling ATPases, as well as of sequence-specific transcription factors with the genomic DNA in various Arabidopsis thaliana tissues. The protocol described focuses on ChIP-qPCR, but can readily be adapted for use in ChIP-chip or ChIP-seq experiments. The entire procedure can be completed within 3 days.
I. INTRODUCTION
In eukaryotes, DNA is packaged into chromatin. Chromatin is composed of DNA, proteins, and RNA and is the substrate for nuclear processes such as transcription, replication, recombination and repair (Rando and Ahmad, 2007; Margueron and Reinberg 2010) . Many proteins directly or indirectly contact genomic DNA in the context of chromatin. For example, gene expression is modulated by proteins with diverse functions such as structural proteins that make up the nucleosome, histone modification readers, enzymes modulating chromatin structure, sequence specific binding proteins and their cofactors, or the general transcriptional machinery (Li et al., 2007; Clapier and Cairns, 2009; Alabert and Groth 2012; Spitz and Furlong 2012) .
To understand the contribution of these factors to the regulation of key nuclear processes, techniques that probe their association with the genomic DNA are of central importance. Several in vitro techniques, such as electrophoretic mobility shift assays or yeast one-hybrid assays are commonly used to determine DNAprotein interactions. However, in vitro interactions could be forced and may not reflect the situation in cells. Chromatin immunoprecipitation (ChIP) represents a valuable alternative for probing such interactions in vivo (in isolated cells, tissues or entire seedlings) under physiological conditions and to estimate the density of protein at specific sites (Kuo and Allis, 1999) . In addition, this technique allows investigation of change in protein association with the DNA in response to cue and the temporal relationship of this change relative to changes in transcription.
The first ChIP protocol was developed by Gilmour and Lis (1984 , 1986 to monitor RNA polymerase II/ DNA association in Escherichia coli and Drosophila. The use of formaldehyde for fixation in ChIP was pioneered by Solomon et al (1988) . After publication of this method, formaldehyde was commonly used in ChIP experiments for most organisms. A general ChIP assay consists of six steps: (1) Crosslinking the protein to the DNA, (2) Isolation of chromatin from a nuclear extract, (3) Fragmentation of chromatin, (4) Immunoprecipitation, (5) Recovery of DNA, and (6) PCR identification of associated DNA sequences, hybridization to tiling arrays, or high throughput sequencing (Figure 1 ). The complete protocol for ChIP-qPCR starting from plant harvest takes 3 days (Figure 2) .
Because of anatomical differences between animal and plant cells, such as rigid cell walls, high levels of cellulose and lignin, and large vacuoles in plant cells, several modifications are needed to establish efficient ChIP protocols for plant systems. Vacuum infiltration is applied to allow the formaldehyde to penetrate into plant cells and nuclei. In addition, use of young plant tissues increases the yield of nuclei per gram fresh weight. Many variations of the ChIP protocol for plants have been published. For examples see: (Gendrel et al., 2002; Saleh et al., 2008; Kaufmann et al., 2010) . Outline of the ChIP procedure. After cross-linking with formaldehyde, the cells are lysed and the nuclei-containing fraction is isolated. After chromatin shearing, the samples are incubated with antibodies for immunoprecipitation. After crosslink reversal, PCR-ready DNA is collected. Binding of the protein of interest to genomic DNA is examined by real-time PCR.
Here, we provide guidelines and conditions for highly efficient and specific ChIP using Arabidopsis tissues. We have reduced the number of experimental steps required to shorten preparation time. We suggest that a well-controlled ChIP experiment requires two types of negative controls: a) a genetic control, b) a genomic control. For the former, we recommend use of null mutant plants, if gene-specific antibodies are employed (Wu et al., 2012) , or use of a non-transformed parental line, if an epitope tagged protein is used (Yamaguchi et al., 2013) . These controls are more stringent than use of IgG antibody or no antibody, because the experimental and control samples are subjected to identical conditions. For the genomic control, a locus unlikely to be bound by the factor of interest should be tested for each experimental and control ChIP reaction. Even if no prior ChIP data is available for the factor of interest, suitable genomic controls can be chosen. For example, housekeeping genes can serve as genomic controls for both tissue-specific transcription factors (Yamaguchi et al., 2009; Yamaguchi et al., 2013) or repressive chromatin regulators such as Polycomb complex components (Table 1, Figure 3 ). For activating chromatin regulators, a silenced locus (such as a retrotransposon) is a good negative genomic control (Wu et al., 2012;  Table  1 ). Including these controls in the final ChIP data figures will allow the reader to assess the relative the strength of the experimental and control ChIP signals and hence the true ChIP enrichment (Figure 3 ; Yamaguchi et al., 2009; Wu et al., 2012; Yamaguchi et al., 2013) .
To establish the ChIP procedure in the lab for the first time, we suggest performing a ChIP experiment in seedlings using antibodies to histone H3K27me3. Extensive genome-wide datasets are available that have employed this strategy (Zhang et al., 2007) and excellent positive and negative control loci are known ( Figure  3 ). In addition, this modification is abundant in the nucleus and effective and specific commercial antibodies are available (For examples, see Table 2 ). Additional optimization might be needed if instruments differ from those described here. In addition, further optimization may be required if different types of tissues are sampled or for ChIP performed in different plant species.
II. MATERIALS

II-A. Reagents
Formaldehyde 37 % (Sigma, cat. no. F1635) Example of a ChIP assay. H3K27me3 ChIP was performed in the wild-type and in a PRC2 complex mutant (clf-2; genetic control). 10-day-old plants were grown on 1/2 MS medium in long-day condition.
H3K27me3 antibody (5 µL; AbCam) was used. ChIP DNA was amplified by real-time PCR using either a pair of primers to the second intron of a known PRC2 target gene, AGAMOUS intron 2 (AGi2; AGi2-FW: CGTT-GTGATGTTACTCGGACA; AGi2-FW: CAACAACCCATTAACACATTGG) or to the promoter of the ACTIN2 (ACT2) housekeeping gene (Table 1, Wu et al., 2012 ). Mean ± s.e.m of three technical replicates from one representative biological replicate are shown. At least 3 biological replicates were performed. 5. Remove glycine in hood and rinse 2 times with 10 mL cold 1 × PBS solution on the lab bench (PBS should be cold to preserve cross-linking).
6*. Dry plant tissues briefly (blot on paper towel), weigh (should be 300-600 mg), and insert into 2 mL tubes. 8. Grind the samples to a fine powder using a mortar and pestle, keeping the tissue frozen throughout. After completion, add 2.5 mL nuclei extraction buffer with protease inhibitors and b-ME and keep grinding until the tissue is thawed.
9. Set up a small funnel over a 50 mL Falcon tube with two layers of Miracloth. Pass the filtrate through the Miracloth twice and transfer the filtrate to a fresh 2 mL tube. Be sure to squeeze the Miracloth after the second pass-through to extract all of the liquid (change gloves after each sample).
Keep samples on ice until all samples have been processed. 14. Spin at full speed (13,200 rpm) for 5 min at 4 °C. Remove from the centrifuge immediately, and transfer the clean supernatant to a new 2 mL tube. Repeat this step one more time to remove as much of the pellet (debris) as possible. (Figure 4) . (Richman et al., 1982; Akerstrom et al., 1985) .
NOTES AND TROUBLESHOOTING
N12. If samples get too hot
III-C. Pre-clearing
NOTES AND TROUBLESHOOTING
N15. Protein A and G have different specificity for different antibody classes and subtypes. For example, Protein A is more broad in it's ability to bind human antibody types other than IgG, but it does not specifically bind IgG3 very well. On the other hand, Protein G binds all human IgG subtypes well. Protein G is also more versatile for binding to IgG subtypes from other species
Magnetic beads give high recovery and low background; they do not require centrifugation (will not pellet together with aggregates) and have less surface area to trap DNA or proteins non-specifically.
III-D. Immunoprecipitation
Duration: 16-20 h including overnight incubation step 17*. Add a suitable amount of antibody per tube (see Table 2 25. Incubate for 30 min at 65 ºC in large incubator in Eppendorf tubes to separate the sample from the beads.
26. Remove and store the elution buffer, add another 50 µL elution buffer to beads and repeat heating and suspension. Combine both sets of elution buffer. Discard beads. 35. Place column in a clean 1.5 mL tube and add 100 µL 0.5 × EB Buffer to center of column. Let sit 5 min.
NOTES AND TROUBLESHOOTING
N20-23. Rotate all washes in a rotator
36. Centrifuge at 13,200 rpm 1 min.
37. Reload flow-thru, let sit 5 min, and spin again for 1 min. Keep eluate.
STOPPING POINT:
The purified ChIP sample can be stored at -20 ºC for at least one month. Do not dilute prior to storage. 
III-H. Quantitative PCR and data analysis
IV. OPTIMIZATION
If your ChIP-qPCR signal is very low relative to that obtained for input DNA (see ANTICIPATED RESULTS below), optimization of the ChIP protocol is required.
IV-A. Low abundance of transcription factor (Step 1, Step 35-37)
If your transcription factor of interest is low abundance (lower than 1 in 500,000 cDNA), we recommend using 600 mg tissues (more than 600 mg causes increased background) and we suggest preparing 2 biological replicates. After step 34, the two samples will be combined into one by using the eluate from one spin column for dual elution of the second sample.
IV-B. Insufficient reversal of the crosslink and subsequent loss of protein-associated DNA (Step 3)
A nice test for full crosslink reversal is the FAIRE (Formaldehyde Assisted Isolation of Regulatory Elements; Simon et al., 2012) method. Briefly, this technique relies on phenol chloroform extraction of sheared crosslinked DNA; only DNA not associated with proteins is recovered. Equal amounts of sheared genomic DNA, sheared crosslinked DNA and sheared crosslinked DNA after crosslink reversal should be subjected to FAIRE. The expected result is near 100 % recovery of the sheared genomic DNA and the sheared crosslinked DNA after crosslink reversal. By contrast the recovery of sheared crosslinked DNA should be very low. DNA recovery can be measured directly (by Qubit) or by qPCR of a single copy locus.
IV-C. Sonication efficiency (Step 12)
(See Figure 4) . The sonicated DNA should be a smear with a ca. 500 bp maximum signal intensity. If the sonication was insufficient, you will see broader binding peak.
IV-D. Efficient IP (Step 17)
One reason for the low ChIP signal could be that insufficient antibody was used or that the antibody was of poor quality. Alternatively, the protein of interest may not be expressed at high levels in the tissue tested. (Kwon et al., 2005; Wu et al., 2012) , or by employing cell or nuclei sorting (Birnbaum et al., 2005; Deal and Henikoff, 2010) .
IV-E. Fresh solutions or reagents (Step 1-38)
Presence of a faulty solution or reagent besides the antibody of choice can significantly reduced ChIP efficacy (especially, formaldehyde). In this case, we recommend the user repeat a ChIP that has worked in the past (such as the H3K27me3 ChIP in Figure 3 ) and test if the same % input enrichment is observed.
IV-F. Optimize qPCR primer sets (Step 38)
In order to obtain high quality qPCR data, the primer sets need to meet several criteria (e.g., primer Tm = 60 ± 5 ºC, length 18 to 25 bases, GC content between 40 and 60 %). If the primer sets are not optimized, this may result in amplification artifacts and/or inaccurate quantification. To design primer sets, we recommend use of Primer3 (bioinfo.ut.ee/primer3-0.4.0/). Primer sets should be tested by performing qPCR with sonicated input DNA. The amplification efficiency can be improved considerably if the length of the amplified fragment is between 60 and 150 bp. The ChIPqPCR should be in the linear range of amplification. To confirm that the primer sets amplify a single fragment of the correct size it is recommended to run the qPCR product on an agarose gel.
IV-G. Data normalization (Step 38)
The normalization methods often used for ChIP assay are (I) % input, and (II) fold enrichment. (I) In the % input method, the qPCR signals derived from the ChIP samples are divided by the qPCR signals derived from the input sample taken early during the ChIP procedure. Normalizing over input amplification gives a reliable readout of the ChIP efficacy. We recommend using this normalization method.
(II) If the ChIP signals for the genetic controls vary greatly between the different primer sets used, it may be advisable to use the fold enrichment method. In this method the signal obtained for the genetic control ChIP is set to one and the signal for the experimental ChIP is expressed as fold-increase above the genetic control signal.
V. ANTICIPATED RESULTS
Using this protocol, we obtain approximately 15 ng of good-quality genomic DNA from 300 to 500 mg of fresh tissue per immunoprecipitated sample. This amount of ChIP DNA is sufficient for 50 10 µL real-time PCRs, which allows us to monitor as many as 15 genomic regions plus the control locus in triplicate. The expected % input yield differs for the different types of factors that contact the genomic DNA. In general, we expect ca. 0.1-1 % input recovery for histone modification ChIP (Figure 3 ), 0.05-0.3 % input for transcription factors, and 0.009-0.002 % input for chromatin regulators (such as SPLAYED or BRAHMA). The difference in recovery is due to several variables, which include cell-type specificity of the factor of interest, its abundance in the nucleus, its proximity to the DNA, and its residence time on the DNA. This protocol has been used to perform ChIP-PCR, ChIP-qPCR, and ChIP-chip (William et al., 2004; Yamaguchi et al., 2009; Winter et al., 2011; Yamaguchi et al., 2013) . We expect that it can be easily adapted for ChIP-seq.
